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Abstract
The final overall shape of an organ and its position within the developing embryo arise as a consequence of both its intrinsic properties
and its interactions with surrounding tissues. Here, we focus on the role of directed cell migration in shaping and positioning the Drosophila
salivary gland. We demonstrate that the salivary gland turns and migrates along the visceral mesoderm to become properly oriented with
respect to the overall embryo. We show that salivary gland posterior migration requires the activities of genes that position the visceral
mesoderm precursors, such as heartless, thickveins, and tinman, but does not require a differentiated visceral mesoderm. We also
demonstrate a role for integrin function in salivary gland migration. Although the mutations affecting salivary gland motility and directional
migration cause defects in the final positioning of the salivary gland, most do not affect the length or diameter of the salivary gland tube.
These findings suggest that salivary tube dimensions may be an intrinsic property of salivary gland cells.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
The genesis of properly positioned and correctly shaped
organs requires coordination of groups of cells with each
other and with surrounding tissues. Cell shape changes,
rearrangements, and movements, often accompanied by reg-
ulated cell proliferation and/or cell death, are the primary
mechanisms for generating the final shape of an organ.
However, very little is known about how cells coordinate
these activities to navigate their environments to form prop-
erly shaped and positioned organs.
Amenable to genetic and molecular manipulation, the
Drosophila embryonic salivary gland is an excellent model
system for studying the events that underlie organ shape and
placement. The Drosophila salivary gland is a simple tubu-
lar organ comprised of two major cell types: secretory cells,
which synthesize and secrete high levels of protein, and duct
cells, which form the tubes connecting the secretory lumina
to the larval mouth. Formation of the salivary gland in-
volves morphogenetic mechanisms observed in the forma-
tion of more complex organs, including regulated cell shape
changes, ordered internalization of cells, and directed mi-
gration (reviewed by Bradley et al., 2001). Studies of these
mechanisms in the context of salivary gland formation are
simplified, however, by the absence of cell death and cell
proliferation during the morphogenetic process.
Once specified, the salivary gland primordium forms a
placode of columnar epithelial cells within the ventral ec-
toderm of parasegment two. Subsequently, salivary cells are
internalized by an invagination process characterized by a
series of cell shape changes. Both the cell shape changes
and the order in which they occur within the placode are
genetically regulated. Specifically, the columnar primordial
cells become pyramidal upon basal nuclear migration and
apical constriction (Myat and Andrew, 2000a). In embryos
mutant for fork head (fkh), which encodes a transcription
factor homologous to the mammalian hepatocyte nuclear
factor 3 (Weigel et al., 1989), salivary cell apices fail to
constrict, the cells fail to internalize, and no tube is formed
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(Myat and Andrew, 2000b). Thus, FKH controls salivary
cell shape changes required for internalization. The shape
changes in salivary primordial cells proceed in an ordered
wave concomitant with their internalization. Salivary gland
tube shape correlates with the number and position of cells
that are changing shape and invaginating at any given time
(Myat and Andrew, 2000a). When the order of internaliza-
tion is disrupted, salivary gland shape is altered. For exam-
ple, when internalization starts with cells in the center of the
placode, as in embryos mutant for huckebein (hkb), the
salivary glands are dome-shaped instead of elongated (Myat
and Andrew, 2000a). hkb encodes an Sp1/Egr-like tran-
scription factor (Bronner et al., 1994) and is expressed in the
salivary primordia in a dynamic pattern that presages the
order of internalization (Myat and Andrew, 2000a), suggest-
ing a role for HKB in mediating the order of secretory cell
internalization.
Internalized salivary cells first move dorsally to a partic-
ular point, at which they reorient to migrate posteriorly until
the distal end of the salivary gland reaches the level of the
third thoracic segment. In embryos homozygous for muta-
tions in the ribbon (rib) gene, distal salivary cells reach the
turning point, but do not migrate posteriorly (Bradley and
Andrew, 2001). rib salivary tubes are shorter than wild-type
Fig. 1. FGFR-1 signaling is required for normal salivary gland shape and position. Wild-type (wt; A–C), rib1 (D), htlEMS2 (E–H), htlAB42 (I), htlAB42/htlEMS2
(J), hbrems6 (K) embryos are immunostained with dCREB-A antiserum to detect salivary gland nuclei (A–I, K) plus or minus Crumbs antiserum to visualize
the salivary gland lumen (A–C, J). htlEMS2 also carries an enhancer trap insertion that expresses lacZ in the salivary gland and other tissues, which is detected
by immunostaining with gal antibodies (J). These and all subsequent images are lateral views with anterior to the left and dorsal at the top, except where
otherwise noted. Embryonic stages (st) are indicated in the lower right of each panel and are in accordance with Campos-Ortega and Hartenstein (1997); an
L indicates late in that stage. (A) In wild-type embryos, salivary cells begin to internalize from the ventral surface during embryonic stage 11, forming a small
tube (arrow) oriented along the approximate DV axis. (B) At the “turning point” (arrowhead), wild-type salivary cells initiate posterior migration, and the
distal tip (arrow) becomes oriented posteriorly. (C) By stage 14, posterior migration is complete and the linear salivary tube is oriented along the AP body
axis, adjacent to the body wall muscles. (D) rib mutant salivary cells form a wider and shorter tube, with the distal tip at the turning point (arrowhead). (E)
Salivary gland internalization appears normal in stage 11 htl mutant embryos (arrow). (F) At stage 12, distal salivary cells (arrow) in htl mutants are observed
dorsal to the wild-type turning point (arrowhead), suggesting that the cells migrated in the wrong direction. (G H) A range of aberrant salivary gland shapes
and positions are observed at later stages in htl mutants, including tubes with multiple bends (arrowheads in G) and tubes with a misoriented distal half (arrow
in H). htl tubes are rarely straight or positioned adjacent to the body wall. Salivary gland shape and positioning are similarly abnormal in embryos
homozygous for a null htl allele (htlAB42; I), in htlEMS2/htlAB42 transheterozygotes (J), and in mutants for hbr, a downstream signaling component (K). Salivary
tubes are frequently positioned along the DV axis (I), often with the distal tips oriented dorsally (arrows in I and J). Bent salivary glands are also common
(arrowheads in J and K). (L) A schematic representation of the HTL proteins encoded by the wild-type, AB42, and EMS2 alleles. HTL is a transmembrane
receptor tyrosine kinase. The number of residues encoded by each allele is indicated. htlAB42 encodes a protein lacking the transmembrane and cytoplasmic
domains and is thought to be null. htlEMS2 encodes a protein disrupting the cytoplasmic tyrosine kinase (tk) domain.
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Fig. 2. FGFR-1 signaling functions indirectly in salivary gland morphogenesis, implicating a guidance role for the VM. Embryos hybridized with
digoxygenin-labeled antisense RNA probes specific to htl (A) or immunostained with HTL antiserum (B) reveal that htl RNA and protein accumulate in the
mesoderm of stage 11–12 wild-type embryos but are not present in salivary glands (arrowheads). Similarly, a digoxygenin-labeled antisense hbr RNA probe
does not accumulate in salivary glands (arrowhead in C). (D) A sagittal section through a salivary gland of a stage 12 embryo stained with antiserum to
dCREB-A reveals that VM cells abut dorsal salivary gland cells (brown nuclei). Most salivary cells are columnar with basally located nuclei (an example
is outlined); however, cells at the distal tip of the salivary gland (asterisk) have a less regular shape, with cytoplasmic protrusions in the direction of migration
(arrow). (E–H) Embryos carrying fkh-Gal4 and UAS-D--catenin-GFP transgenes are stained for GFP to visualize salivary gland cells (sg) and for FAS3
to visualize VM. Early in stage 12, posterior migration of salivary cells is initiated at the level of the VM (E). As internalization continues during stage 12,
additional salivary cells encounter the VM, and they maintain this close proximity throughout posterior migration (F–H). Cells at the distal tip have small
posterior extensions (arrow in F–H).
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and remain positioned along the dorsal–ventral axis, instead
of the anterior–posterior (AP) axis. The specialized cell
shapes of late salivary glands and those of other tissues are
not observed in rib mutants, likely due to defects in regu-
lating the cytoskeleton (Blake et al., 1998). rib encodes a
novel putative transcription factor with a BTB dimerization
domain and is required in salivary cells (Bradley and An-
drew, 2001; Shim et al., 2001). Thus, during salivary gland
morphogenesis, cell shape changes and an ordered invagi-
nation process create an epithelial tube. Directed migration
positions the tube’s long axis parallel to the AP body axis
and may function in tube elongation.
To learn more about the role of directed migration in
shaping and positioning the salivary gland, we characterized
EMS2, a mutant isolated from a large-scale EMS mutagen-
esis screen for mutations resulting in abnormal salivary
gland morphology (M.M.M. and D.J.A., manuscript in
preparation). Here, we demonstrate that the EMS2 mutation
is an allele of heartless (htl), which encodes an FGF recep-
tor. htl functions indirectly in salivary gland migration,
revealing roles for the visceral mesoderm (VM) both as the
salivary gland turning point and in guiding gland migration
posteriorly. We show that other mutations disrupting VM
structure also affect salivary gland migration, whereas ter-
minal differentiation of VM precursors is not required. Fi-
nally, we identify the PS2PS integrin as a mesodermal
factor that mediates salivary gland migration and show that
the PS1PS integrin, which is expressed in salivary glands,
is also required. These data support a model whereby the
salivary gland migrates using the VM and an integrin-based
mechanism to achieve its normal shape and final placement.
Materials and methods
Fly strains
The wild-type fly strain used was Oregon R. The follow-
ing strains were also used and are described in FlyBase
(www.flybase.bio.indiana.edu): Df(3R)DG2, Df(2R)bw-
HB132, binR22, htlAB42, htlYY262, if k27e, mewM6, mys1,
mysXG43, rib1, scb2, Scr4, tin346, and tkv4. Maternal and
zygotic loss of mys function was achieved by crossing y w
mysXG43 FRT101/FM6 virgin females with ovoD1 FRT101;
FLP/FLP males (Chou and Perrimon, 1996). Larvae from
this cross were heat shocked for 1 h on 3 subsequent days,
and the adult virgin females of the genotype y w mysXG43
FRT101/ovoD1 FRT101 were crossed to FM6-T8-lacZ males.
EMS2 (htlEMS2) and htl3372 were generated by standard
EMS mutagenesis (M.M.M and D.J.A., manuscript in prep-
aration). The Ga14/UAS system (Brand and Perrimon,
1993) was employed by using fkh-Gal4 to drive salivary
gland expression (Henderson and Andrew, 2000) or twi-
Gal4 (Greig and Akam, 1993) to drive mesoderm expres-
sion of a wild-type (UAS-htlWT) or dominant negative (UAS-
htlDN) htl transgene (Michelson et al., 1998b), UAS-DAD
(Tsuneizumi et al., 1997), or the D-catenin gene fused to
GFP (UAS-D-catenin-GFP; Oda and Tsukita, 1999). Al-
though neither expression of UAS-htlDN nor UAS-DAD in
the salivary gland caused defects in migration, expression of
these constructs in other tissues disrupted known functions
of each signaling pathway.
Antibodies, embryo staining, and whole-mount in situ
hybridizations
Embryo fixation and antibody staining were performed
as described (Reuter et al., 1990). Primary antibodies used
in this study are described in Table 1. Appropriate biotin-
ylated secondary antibodies (Vector Labs) were used at
1:500. Whole-mount in situ hybridization to detect mRNA
accumulation was performed as described (Lehmann and
Tautz, 1994). Antisense digoxygenin-labeled RNA probes
were generated by using the following linearized templates:
htl and hbr cDNAs (A. Michelson); RE66484/PS,
GH25437/PSI, and LP12257/PS3cDNAs (Research Genet-
ics); and PS2-Topo, PS4-Topo, and PS5-Topo, which are
PCR-amplified fragments of the corresponding genes
cloned into the pCR2.1-TOPO vector (Invitrogen). Ho-
mozygous mutant embryos were identified by morphologi-
cal criteria or by the lack of the staining that is detected in
embryos carrying a balancer chromosome with a lacZ or gfp
insert. Histological sections were prepared as described
(Myat and Andrew, 2000a).
Sequence analysis of htl ORFs in EMS mutants
To determine the molecular lesion in htlEMS2, genomic
DNA was isolated from adult flies, and fragments spanning
the htl ORF were PCR amplified. PCR products were se-
quenced and analyzed for allelic differences. The starting
strain for the EMS mutagenesis (red e) and a complement-
ing lethal mutant generated in the same screen and main-
tained over the same balancer as htlEMS2 (ps4/TM3-Ubx-
lacZ; Seshaiah et al., 2001) were both sequenced as
controls. DNA sequencing was performed at the Johns Hop-
kins University Biosynthesis and Sequencing Facility.
Results
FGFR1 signaling is required for normal salivary gland
shape and position
In wild-type embryos, salivary gland secretory cells are
internalized from the surface and move in a dorsal direction,
forming a tube oriented along the dorsal–ventral (DV) axis
(Fig. 1A). When internalized cells reach a particular point,
which we denote the turning point, they reorient their move-
ment posteriorly (Fig. 1B). After posterior migration is
complete, the long axis of the secretory tube is parallel to
the AP axis and adjacent to the body wall (Fig. 1C). In the
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absence of posterior migration, salivary gland shape and
positioning are abnormal. For example, in rib mutants
where distal salivary cells do not move past the turning
point, the tube’s long axis is shorter than wild-type and
remains oriented along the DV axis of the embryo (Fig. 1D;
Bradley and Andrew, 2001). Thus, directed migration ap-
pears to be important for shaping and positioning the sali-
vary gland; however, rib has defects in salivary cell mor-
phology prior to initiation of posterior migration (M.M.M.
and D.J.A, unpublished observations), potentially obfuscat-
ing the role of migration in salivary gland shape and posi-
tion.
Embryos homozygous for EMS2, a mutation isolated in a
screen to identify genes required for normal salivary gland
formation (M.M.M. and D.J.A., manuscript in preparation),
had a wide range of defects in salivary gland shape and
position that appear to result from abnormal migration. The
EMS2 defects included secretory tubes oriented on the DV
axis, relatively straight tubes with only the distal tips mi-
soriented, and tubes with multiple kinks along their lengths
(Fig. 1F–H). EMS2 defects were first apparent during em-
bryonic stage 12, when wild-type distal salivary cells nor-
mally reach the turning point and initiate posterior migra-
tion. In some EMS2 stage 12 mutants, salivary cells were
observed in positions dorsal to the wild-type turning point,
suggesting that the cells failed to turn posteriorly and, in-
stead, had continued to migrate dorsally (Fig. 1F). Earlier
events, including secretory cell internalization and early
dorsal movement, appeared normal in EMS2 mutants (com-
pare Fig. 1E with 1A). Unlike in rib mutants, where the
salivary glands fail to migrate past the turning point, EMS2
salivary glands migrate in abnormal directions. Thus, the
ability of EMS2 mutant salivary cells to migrate per se is
unaffected, and instead, either a cue that guides posterior
salivary cell migration or the ability of the salivary cells to
respond to such a cue is disrupted in EMS2 embryos.
In a fortuitous cross to balance EMS2 over a different
balancer chromosome, we found that EMS2 failed to com-
plement a null heartless allele (htlAB42; Gisselbrecht et al.,
1996). Subsequent complementation tests with an indepen-
dent htl allele and a deficiency removing htl revealed com-
plete noncomplementation (Table 2), indicating that EMS2
has a lesion in the htl gene. Embryos homozygous for
htlAB42 or transheterozygous for htlAB42 and EMS2 had sal-
ivary gland defects similar to those of EMS2 homozygotes
(Fig. 1I and J), suggesting that the mutation in htl, and not
a second site mutation, causes the salivary gland migration
defects. Sequence analysis of the htl ORF from EMS2
genomic DNA revealed a nucleotide change (C2638T) in
codon 491 (data not shown), resulting in a nonsense muta-
tion; the HTL protein encoded by EMS2 lacks the carboxy-
terminal 225 residues (Fig. 1L). HTL is a fibroblast growth
factor receptor (FGFR1) with an extracellular ligand-bind-
ing domain and a cytoplasmic tyrosine kinase domain
(Shishido et al., 1993, 1997; Beiman et al., 1996; Gissel-
brecht et al., 1996). The HTL protein encoded by the EMS2
mutant allele disrupts the essential kinase domain. The
above data demonstrate that EMS2 is a new allele of htl
(htlEMS2) and that htl is required for normal salivary gland
formation.
FGF receptor activation initiates a signal transduction
cascade that elicits the cellular responses required for many
processes, including cell differentiation, cell proliferation,
and cell migration (reviewed by Boilly et al., 2000). The
ligand for HTL has not been identified, but a downstream
effector molecule known as Heartbroken (Hbr; also called
Downstream of FGFR or Stumps) is required for HTL
signal transduction (Michelson et al., 1998a; Vincent et al.,
1998; Imam et al., 1999). hbr mutant embryos had the same
range of salivary defects as observed in htl mutants (Fig.
1K), indicating that the FGFR1 signaling pathway is re-
quired for normal salivary gland shape and position.
FGFR1 signaling in the VM is required for salivary gland
migration
To determine how FGFR1 signaling is required for sal-
ivary gland migration, we examined the embryonic expres-
sion patterns of htl and hbr. No salivary gland expression of
htl RNA, HTL protein, or hbr RNA was detected at any
stage (Fig. 2A–C). Moreover, a dominant-negative htl trans-
gene (UAS-htlDN; Michelson et al., 1998b) expressed spe-
Table 1
Primary antibodies used in this study
Antibody Produced in: Dilution used Source
-Gal mouse 1:10,000 Promega
GFP rabbit 1:40,000 Molecular probes
HTL mouse 1:2000, preabsorbed A. Michelson (1)
dCREB-A rat 1:10,000 Our lab (2)
PHSG1 rat 1:15,000 Our lab (3)
Crumbs mouse 1:100 DSHB (4)
FAS3 mouse 1:20 DSHB (5)
Titin rat 1:1000 Our lab (6)
Note. DSHB, Developmental Studies Hybridoma Bank. References: (1)
Michelson et al., 1998b; (2) Andrew et al., 1997; (3) E. Abrams and D.J.A.,
unpublished data; (4) Patel et al., 1987; (5) Wodarz et al., 1993; and (6)
Machado et al., 1998.
Table 2
Complementation analysis with heartless alleles and deficiencies
htlYY262 htlJ372 htlEMS2
htlAB42 95:0 130:0 66:0
htlYY262 63:0 139:0
htlJ372 246:0
Df(3R)DG2 32:0
Note. Numbers represent balancer flies:nonbalancer flies counted. Ex-
pected ratio for complementing alleles is 2:1.
htlJ372 is an additional allele generated in the same mutagenesis as
htlEMS2 (M.M.M, P.L.B., and D.J.A., unpublished data).
Df(3R)DG2 deletes DNA from 89E/F-91B1/2, removing htl at 90D4.
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cifically in salivary cells using the fkh-Gal4 driver (Hender-
son and Andrew, 2000) had no effect on salivary gland
shape or position (data not shown). These results suggest
that HTL signaling is not required in the salivary cells for
their migration, and thus must act indirectly.
To learn how FGFR1 signaling functions in salivary
gland migration, we examined known roles for htl. htl is
expressed to high levels in mesodermal primordia (Fig. 2A
and B; Shishido et al., 1993) and is required for the migra-
tion of mesodermal cells to specific sites in the embryo
where they will differentiate into distinct mesodermal struc-
tures (Beiman et al., 1996; Gisselbrecht et al., 1996; Sh-
ishido et al., 1997). The mesodermal structures most se-
verely affected by htl mutations are those whose formation
requires the farthest migration of precursor cells, specifi-
cally the dorsal vessel (or heart) and the visceral mesoderm
(VM). Of these structures, the VM is most relevant to
salivary gland migration since it is closest to the turning
point. To correlate the VM with all stages of salivary gland
migration, we simultaneously examined VM structure and
salivary gland positioning by immunostaining for the VM
protein, Fasciclin3 (FAS3), and various salivary gland pro-
Fig. 3. Normal salivary gland migration requires VM at the turning point. Mutant embryos are immunostained for dCREB-A to visualize salivary glands
(arrows) and/or FAS3 to visualize VM (arrowheads). Gaps in VM structure can be correlated with aberrant salivary gland migration. (A–C) Representative
images of the range of salivary gland–VM correlations observed in htl mutant embryos during stage 12. (A) The distal tip of the salivary gland (arrow) is
completely dorsal to the remaining VM fragments (arrowheads) in an embryo where no VM is detected at the turning point. (B) The majority of the distal
salivary cells (arrow) are dorsal to the turning point, but a few cells (white arrow) have initiated posterior migration along the ventral side of a small VM
fragment (arrowhead) in an embryo where no other VM fragments are present at the turning point. (C) Small VM fragments are present at the turning point
in this embryo (arrowheads), and the salivary gland migrates posteriorly, as in wild-type. In embryos with significant amounts of VM at the turning point,
the salivary gland always initiates posterior migration correctly (not shown). The amount of VM sufficient to redirect migration can be very little, as shown
with arrowhead in (C). (D) The VM of htlAB42 mutants is disrupted, displaying gaps of variable width. (E) In htlAB42 mutant embryos expressing a wild-type
htl transgene in the mesoderm using the twi-Gal4 driver, an intact VM structure is restored. (F) Salivary gland migration in these mesodermally rescued htl
embryos is also normal (compare with Fig. 1C), indicating that the mesoderm defects indirectly cause salivary gland migration defects. It should be noted
that the disruption of VM in htlAB42 mutants is less severe than in htlEMS2 mutants (compare D with A–C). Since htlAB42 encodes a null allele (see Fig. 1L),
htlEMS2 could encode a unique allele with neomorphic or dominant negative properties. Alternatively, the htlEMS2 chromosome may carry a second site
mutation that exacerbates the VM defect. The increased severity of the VM defect in htlEMS2 correlates with an increase in the frequency of aberrant salivary
glands.
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teins. In wild-type embryos, internalized salivary cells
moved dorsally until they reached the VM (Fig. 2E). The
observation that distal salivary cells that had already mi-
grated posteriorly were in close proximity to the VM sug-
gested that the VM is the “turning point” at which cells
begin to migrate posteriorly (Fig. 2F and G). Examination
of histological sections revealed that dorsal salivary cells
directly contact the overlying VM (Fig. 2D). In subsequent
stages of salivary gland migration, as the tube becomes
oriented along the A/P axis, the dorsal side of the salivary
tube was observed in close proximity to the VM (Fig. 2H),
suggesting that dorsal salivary cells may interact with the
VM throughout posterior migration.
htl mutants have defective VM; unlike the intact, cohe-
sive structure observed in wild-type embryos, the VM in htl
mutants is disrupted, with variably sized fragments of VM
at the normal position of the VM (Fig. 3A–D; Beiman et al.,
1996; Gisselbrecht et al., 1996). We examined salivary
gland migration in relation to the VM fragments in htl
mutants and found a correlation at early stage 12. In em-
bryos where no mesoderm was present at the turning point,
the distal tip of the salivary gland was observed dorsal to the
level of the remaining VM fragments, indicating that sali-
vary cells had continued to migrate dorsally instead of
reorienting posteriorly (Fig. 3A). In embryos where a small
VM fragment was present at the turning point, posterior
migration of the salivary gland varied (Fig. 3B). In embryos
where VM was present at the turning point, salivary gland
cells initiated posterior migration as in wild-type (Fig. 3C).
Thus, the VM is required at the turning point for the pos-
terior redirection of salivary distal cells. Due to the dynamic
nature of the VM, whose position changes relative to the
salivary gland in subsequent stages, it was difficult to de-
finitively correlate disruptions in VM structure with abnor-
mal salivary gland shape at later stages. We occasionally
saw salivary glands that had turned posteriorly initially, but
were kinked in a position that correlated with a break in VM
(data not shown), indicating that intact VM is required for
the duration of the migratory process. Thus, the variability
of the VM structure explains the range of salivary gland
phenotypes in the htl mutants. Indeed, a correlation was
seen between the severity of VM defects and the frequency
Fig. 4. VM defects correlate with salivary gland mismigration. Salivary gland nuclei are visualized with dCREB-A antiserum, and mesodermal cells are
visualized with FAS3 or D-Titin antiserum. (A–C) tkva12 mutants have VM disruptions that correlate with salivary gland mismigration. (A) In a stage 12 tkv
mutant, salivary cells appear to have initiated posterior migration; however, the distal tip has a trajectory, suggesting that it would have migrated into the
VM gap. (B) In a stage 14 tkv mutant, the salivary distal tip (arrow) is located in the gap between two VM fragments (arrowheads). (C) Bends in the salivary
tubes of late-stage tkv embryos (arrow) are common and resemble the abnormal tubes in embryos lacking HTL signaling. A white line representing the lumen
is drawn for clarity. (D–F) tin346 mutants have a FAS3-positive VM-like structure that appears to support posterior migration, but not final organ placement.
Mid (D)-and late (E)-stage 12 tin mutants have a FAS3-staining structure (arrowheads) spanning the salivary gland turning point. Although the tube is slightly
abnormal in overall shape, the salivary glands initiate posterior migration normally, and the distal tips (arrows) are oriented posteriorly. (F) Late-stage tin
mutants show defects in tube placement: the distal tip points internally (arrow). (G–I) binR22 mutants have an undifferentiated structure in the position of the
VM that supports posterior migration. (G) A stage 12 bin mutant immunostained for D-Titin (arrowheads point to light brown staining) shows that a structure
of mesodermal cells is present at the wild-type VM position, although no FAS3 staining (dark brown) is detected in these cells. (H) The salivary gland in
a late-stage 12 bin mutant initiated posterior migration normally (arrow), despite the absence of FAS3 (arrowhead). (I) In late-stage bin embryos, glands are
usually linear and oriented correctly.
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of misdirected salivary glands; the VM fragments that
formed in htlEMS2 were smaller and farther apart than those
that formed in htlAB42 and the number of mispositioned and
misshapen salivary glands was correspondingly higher in
htlEMS2. In htl mutants where VM formation was normal in
the region dorsal to the salivary gland, salivary gland shape
and position were indistinguishable from wild-type. Addi-
tionally, in htl mutant embryos expressing a wild-type htl
transgene specifically in mesodermal cells (twi-Gal4 and
UAS-htlWT; Greig and Akam, 1993; Michelson et al.,
1998b), normal VM formation was restored (Fig. 3D and E)
and normal salivary gland morphology and positioning were
observed (Fig. 3F). These observations further support the
hypothesis that the normal role for htl in salivary gland
migration is indirect; htl is required to form normal VM, and
an intact VM is required for the posterior redirection and
appropriate migration of salivary cells.
VM defects in additional mutants correlate with defects in
salivary gland shape and position
Our studies suggest that the VM is required for salivary
gland migration and predicts that other mutations affecting
VM formation would cause similar salivary gland defects.
During development, mesodermal precursor cells that mi-
grate dorsally are exposed to the dorsally localized Decap-
entaplegic (DPP) signaling molecule, which is required to
specify dorsal mesoderm derivatives, including cardiac and
VM precursors (reviewed by Frasch, 1999). In embryos
lacking thickveins (tkv), which encodes a DPP receptor
(Nellen et al., 1994), breaks of variable width and position
in the VM were observed (Fig. 4A and B), similar to the
breaks observed in the htl VM. Correspondingly, we ob-
served salivary gland migration defects in tkv mutants sim-
ilar to those seen in htl mutants (Fig. 4A–C). Such migration
defects were not observed, however, in embryos expressing
a negative regulator of the DPP pathway, Daughters against
dpp (Tsuneizumi et al., 1997), specifically in salivary cells
(fkh-Gal4;UAS-Dad; data not shown). Together, these re-
sults suggest that DPP signaling, like FGFR1, is not re-
quired in the salivary gland cells for their normal migration,
but rather that DPP signaling is required for VM formation,
which in turn is required for the directed migration of the
salivary gland.
During development, mesodermal cells that will become
VM maintain expression of tinman (tin), which encodes a
homeodomain transcription factor required to activate the
expression of several VM-specific genes (reviewed in Fra-
sch, 1999; Kremser et al., 1999; Zaffran et al., 2001). In the
absence of tin, VM formation and differentiation are se-
verely limited (Azpiazu and Frasch, 1993; Bodmer, 1993);
however, we did detect a variable FAS3-positive VM-like
structure in parasegments one through four (i.e., the region
spanning the salivary gland turning point; Fig. 4D and E).
The majority of distal salivary cells in tin mutants initiated
posterior migration during embryonic stage 12, as in wild-
type embryos (Fig. 4D and E), suggesting that this VM-like
structure is sufficient to redirect salivary cell migration.
Posterior migration of salivary glands in tin mutants, how-
ever, did not always follow the normal path close to the
body wall; instead, the glands of late-stage embryos were
observed in random positions, often as bent tubes (Fig. 4F).
The range of shapes and positions of late salivary glands in
tin embryos was similar to that observed in late-stage htl
mutants, further indicating that the VM is required for the
duration of salivary gland migration. Three independent
mutations disrupting formation of the VM result in salivary
gland mismigration, thus supporting a model where the VM
guides salivary gland posterior migration.
Differentiation of VM precursors is not required to guide
salivary gland migration
In each of the mutants examined above (htl, tkv, and tin),
the residual fragments of VM expressed FAS3, had a VM-
like structure, and were able to direct salivary gland migra-
tion if present along its migratory path. Thus, the residual
structures appeared to be differentiated VM with wild-type
properties. To determine whether salivary gland migration
required a differentiated VM, we examined embryos with
mutations in the VM-specific gene biniou (bin). In bin
mutant embryos, VM precursors segregate from dorsal me-
soderm and move internally where they coalesce into the
typical VM band (shown with anti-Titin staining in Fig. 4G;
Zaffran et al., 2001); however, all tested VM-specific genes,
including FAS3, fail to be expressed in bin mutants (Fig.
4G–I; Zaffran et al., 2001). Thus, an intact structure formed
from VM precursors is present in bin mutants, but the VM
precursor cells fail to express markers indicative of differ-
entiation from a general mesodermal cell into a VM-specific
cell. The salivary glands in bin mutants had no defects in
turning or posterior migration (Fig. 4H and I), suggesting
that guidance of salivary gland posterior migration by the
VM requires neither the terminal differentiation of the pre-
cursors nor the function of any VM gene whose expression
is bin-dependent.
The PS2 integrin is a mesodermal factor required for
salivary gland migration
The VM forms a contiguous structure that may physi-
cally block salivary cells from further dorsal movement,
thereby causing the cells to move posteriorly, in the path of
least resistance. Alternatively or additionally, there may be
a bin-independent factor (or factors) that guides salivary
gland migration in a more instructive way, perhaps via a
secreted signal or a transmembrane guidance molecule. If
the mesodermal cue were informational, a signaling path-
way functioning within salivary gland cells would have to
be involved. A screen of several candidate pathways re-
vealed that mutations disrupting the FGFR1-, FGFR2-,
EGF-, DPP-, JNK-, or Wg-signaling pathway did not have
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phenotypes consistent with a role in the salivary cells for
their migration (P.L.B. and D.J.A., unpublished data). Thus,
we focused on molecules known to have a more direct role
in migration, specifically the integrin family of cell adhe-
sion molecules, which are heterodimers of two transmem-
brane proteins, an  and a  subunit. In Drosophila, each of
the five identified  subunits (PS1-5) is thought to dimerize
with the PS subunit encoded by the myospheroid (mys)
gene (reviewed by Brown et al., 2000). The  subunit of
PS2PS (PS2) integrin is expressed in all mesodermal cells
beginning at a very early stage (Bogaert et al., 1987), sug-
gesting that PS2 integrin is likely to be present in the VM
precursor cells prior to bin-dependent differentiation. In-
deed, PS2 RNA expression was observed in the mesoderm
of binR22 homozygotes (data not shown). In embryos mutant
for inflated (if), the gene encoding the PS2 subunit, migra-
tion of two tissues along the VM is affected, the endoderm
and the tracheal visceral branch (Martin-Bermudo et al.,
1999; Boube et al., 2001). Thus, the PS2 integrin is required
to make the VM a suitable substrate for the migration of at
least two distinct cell populations.
We tested whether PS2 integrin was required for salivary
gland migration by staining if mutant embryos for several
salivary gland proteins. In if homozygotes, salivary cells
appeared to invaginate normally. The first group of salivary
cells to be internalized reached the approximate level of the
wild-type turning point but failed to migrate. During sub-
sequent stages, the remaining if salivary cells continued to
internalize, but the distal tip remained at the approximate
VM turning point, and the tube was often slightly bent (Fig.
5B). By late stages, if salivary tubes were frequently folded
in half with the distal tips oriented anteriorly (Fig. 5C). The
apparent lack of salivary gland migration in if mutants is
distinct from the mismigration phenotypes in htl, hbr, tkv,
and tin mutants.
Salivary tube length in if mutants was similar to wild-
type during all stages of morphogenesis (Fig. 5C, and data
not shown), suggesting that the salivary gland tube can
attain its normal length in the absence of migration. The
salivary tube diameter in if mutants was also similar to that
of wild-type (Fig. 5F, and data not shown). While the
structure of the VM is abnormal in if mutants (Roote and
Zusman, 1995; Martin-Bermudo and Brown, 1999), no ob-
vious structural blocks were observed at the turning point
that might physically hinder salivary gland posterior migra-
tion (Fig. 5L). PS2 expression is not detected in the sali-
vary glands at any stage of embryogenesis (data not shown),
indicating that PS2 integrin is a mesodermal factor required
for salivary gland migration.
PS1 integrin is expressed in salivary cells and is required
for their migration
In addition to a requirement for the mesodermally ex-
pressed PS2 integrin for endodermal and tracheal migra-
tions, integrin function is also required in the endodermal
and tracheal cells (Martin-Bermudo et al., 1999; Boube et
al., 2001). To test whether the salivary gland has a similar
requirement for integrin function, we examined the expres-
sion profiles of the four other  subunits during salivary
gland migration. PS1 expression was apparent in salivary
primordia during embryonic stage 11, coincident with sali-
vary cell internalization (Fig. 6A). PS1 expression was
observed in all salivary cells throughout the migration phase
(embryonic stage 12), with markedly higher expression in
invaginating cells (Fig. 6B). By stage 14, PS1 transcripts
were no longer detected in the salivary gland (Fig. 6C). PS3
expression was first detected at late stage 11, slightly later
than PSI, and was present at low levels in all salivary cells
(Fig. 6E and F). By stage 15, subsequent to posterior mi-
gration, PS3 expression was observed at high levels
throughout the salivary gland (Fig. 6G; Stark et al., 1997),
perhaps indicating a later role for PS3 in the salivary gland.
Neither PS4 nor PS5 RNA was detected in salivary glands
(data not shown). Thus, the PS1 and PS3 genes are ex-
pressed in the salivary gland prior to and during posterior
migration in overlapping but distinct temporal patterns.
In embryos lacking PS1 function, multiple edematous
wings (mewM6), the salivary gland phenotype was very
similar to that of PS2 mutants. In mew embryos, salivary
cells invaginated and moved dorsally to the VM, but failed
to migrate away from the turning point (Fig. 5F and G). The
salivary glands in late-stage mew embryos were frequently
bent and mispositioned (Fig. 5H). All salivary cells inter-
nalized in mew mutants, and the length and diameter of mew
salivary glands were similar to wild-type. Since PS1 is
expressed in salivary cells and not in mesoderm, it appears
that integrin function in salivary cells is also required for
migration. The mew salivary gland migration phenotypes
suggest a defect in the ability of the salivary gland to either
sense or respond to cues provided by the mesoderm.
In scab (scb) mutant embryos, which lack PS3 function,
there were no severe defects in overall salivary gland shape
or positioning, consistent with previous reports (Stark et al.,
1997). The possibility of redundant function led us to ex-
amine salivary gland development in embryos simulta-
neously lacking function of both  subunits (mewM6; scb2).
Salivary glands in the mew; scb double mutant embryos
were indistinguishable from those of mew embryos (Fig. 5I
and N), suggesting that PS1 is the primary integrin required
in salivary gland cells for their migration. Embryos missing
both maternal and zygotic function of the PS-subunit have
salivary gland defects similar to those observed in embryos
lacking the PS1 or PS2 subunits (Fig. 5J and O). These
results indicate that integrin function in the salivary gland is
essential for its migration.
Discussion
Here, we identify several factors controlling directed
migration of the Drosophila embryonic salivary gland, a
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process essential for its final shape and position. By corre-
lating salivary gland mismigration with the variable integ-
rity of the overlying VM, we have shown that normal
migration requires VM at the position where the distal-most
salivary cells first initiate posterior migration as well as for
the remainder of salivary gland posterior movement. Al-
though a cohesive VM structure is essential for salivary
gland migration, terminal differentiation of the VM is not
required, suggesting that general VM precursor cells and/or
the structure formed by these cells provide(s) the directional
information to the salivary gland. We further show that
salivary gland migration is mediated by integrins expressed
in the salivary gland as well as in the mesoderm. We
conclude that, although some organ properties are intrinsic
to the salivary gland, others depend on cues from the sur-
rounding tissues. The integrin mutant phenotypes reveal
Fig. 5. The PS2 and PS1 integrins are required for salivary gland migration. ifK27e (A–C, L), mewM6 (F–H, M), scb2 (D), mewM6;scb2 (I, N), mysXG43 (E),
maternally and zygotically mysXG43 (J, O), and wild-type (K) embryos are stained for Crumbs to visualize salivary gland lumen (A–J) or for PHSG1 to
visualize salivary cells plus or minus FAS3 to visualize VM (K–O). The salivary gland phenotypes of if, mew, and mew; scb mutant embryos are virtually
identical. At a stage when the salivary glands in wild-type embryos have migrated posteriorly, the distal tips of if (A) and mew (F) mutants remain at the
approximate turning point (arrow) and the tube is slightly bent (asterisk). At a stage when wild-type salivary gland posterior migration is complete, the if
(B), mew (G) tubes are bent with misoriented distal tips (arrow). In late-stage if (C) and mew (H) embryos, the salivary tubes are often bent in half, with the
distal tip oriented anteriorly (arrow). In contrast, the salivary gland in scb mutants (D) are oriented as in wild-type. Zygotic loss (z) of mys does not affect
salivary gland migration (E), whereas embryos lacking maternal and zygotic (mz) mys (J) have abnormally shaped and positioned salivary glands, similar
to those observed in if and mew mutants. At later stages, m-z-mys salivary glands were often directed posteriorly (not shown); this difference is likely to be
due to unrelated defects caused by the complete loss of the  subunit. (K) In wild-type stage 13 embryos, the salivary gland has migrated posteriorly in close
proximity to the VM, and the distal tip cells appear pointed. if (L) and mew (M) salivary glands do not track along the VM and have rounded distal tips. Note
that the VM of if (L) and mew (M) does not physically block posterior migration. Also note that in magnified views of if and mew salivary glands (L, M),
the distal cells do not have the migratory morphology observed in magnified views of wild-type salivary glands (K). mew; scb (N) and mysm-z- (O) mutants
also have rounded distal tips, which remain at the turning point.
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that the visceral mesoderm functions not only as a substrate
for posterior migration but also as a physical barrier to
further dorsal movement of the salivary gland.
Role of directed cell migration in organ shape
The overall shape of the secretory portion of the salivary
gland has only a few simple parameters. The salivary gland
is a relatively straight, unbranched tube with a characteristic
length and diameter, and is positioned with its long axis
parallel to the embryonic AP axis. Directed migration was
thought to have a role in salivary gland shape based on the
phenotypes observed in rib mutants (Bradley and Andrew,
2001). However, additional defects in early cell shape in rib
mutant salivary glands made it impossible to determine
exactly which aspects of organ shape required directed cell
migration (M.M.M., P.L.B., and D.J.A., unpublished obser-
vations). Here, we show that mutations causing aberrant
Fig. 6. The  subunits of PS1 and PS3 integrins are dynamically expressed in salivary glands during morphogenesis. Wild-type (A–G) and Scr4 mutant (H)
embryos were hybridized with a digoxygenin-labeled antisense RNA probe specific to PS1 (A–D, H) or PS3 (E–G). (A) Salivary gland expression of PS1
is first observed at stage 11, during early stages of internalization (arrowhead in A). (B) During stage 12, PS1 RNA expression remains highest in invaginating
cells (arrowhead), but is detected at low levels throughout the salivary gland (not shown in focal plane). (C) By stage 14, PS1 RNA expression is no longer
detectable in the salivary gland (arrowhead). (D) A ventral view of a stage 12 embryos shows PS1 RNA expression in the invaginating salivary gland
placodes (arrowheads). PS1 RNA is also expressed in invaginating tracheal pits (tp). (E) Salivary gland expression of PS3 is slightly delayed compared with
PS1 and is first detected at late-stage 11/early-stage 12 (arrowhead). (F) PS3 RNA expression is observed throughout the salivary gland of a late stage 12
embryo (arrowhead). High levels of PS3 RNA are observed in the midgut endoderm (e). (G) Late-stage embryos express high levels of PS3 throughout the
salivary gland (arrowhead). (H) In embryos with mutations in the homeotic gene Sex combs reduced (Scr), which is required for salivary gland formation
(reviewed by Bradley and Andrew 2001), expression of PS1 in the salivary placodes is absent (arrowheads; compare with D). PS3 RNA transcripts are also
absent in Scr mutant embryos (data not shown).
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salivary cell migration, either migration in the wrong direc-
tion (htl, tkv, and tin) or a failure to migrate (if, mew, and
mysmz), result in salivary tubes with abnormal shapes and
positions. Specifically, the salivary tube’s straight shape and
positioning along the body wall are disrupted in these mu-
tants, indicating that directed migration is required for these
aspects of salivary gland shape. The salivary gland tubes in
each of the migration mutants, including those of the inte-
grin mutants, which completely fail to migrate, have wild-
type length and diameter. Thus, the process of forming a
salivary tube with wild-type dimensions appears to be in-
dependent of posterior migration.
Salivary gland length and width may be intrinsic features
of salivary glands and may be more directly linked to the
size and the shape of individual cells and to the extent of
cellular contacts between neighbors. Other genes known to
dramatically affect overall salivary gland shape are required
for very early stages of morphogenesis. These genes include
fkh, which is required for salivary gland internalization
(Weigel et al., 1989; Myat and Andrew, 2000b), hkb, which
controls the order of internalization (Myat and Andrew,
2000a), and rib, which is required for cells to move past the
normal turning point (Bradley and Andrew, 2001). Each of
these genes affects cell shape: fkh is required for the apical
constrictions that create the pyramidal shapes of cells as
they first internalize (Myat and Andrew, 2000b), hkb is
required for providing additional apical surface membrane
during internalization and tube elongation (Myat and An-
drew, 2002), and rib is required to establish and/or maintain
the shapes of cells in the mature tube (M.M.M., P.L.B., and
D.J.A, unpublished observations). Because these genes have
roles in such early processes, it is difficult to ascertain what
direct roles, if any, they play in controlling the final shape
and position of the gland at later stages. To better under-
stand their direct contribution to salivary gland shape, it will
be necessary to identify the transcriptional targets of RIB,
FKH, and HKB and ask whether loss-of-function of the
downstream target genes have more specific and, poten-
tially, later defects in salivary gland shape and position.
RNA expression of the PS1 and PS3 integrin subunits in
the salivary gland does not require RIB, FKH, or HKB (data
not shown), suggesting the possibility that directed migra-
tion could be independent of the genes required for inter-
nalization and early cell shapes.
Unlike the salivary gland, whose tube dimensions are
independent of directed migration, the Drosophila tracheae
rely on directed cell migration for tube formation. The
tracheae form an elaborate network of branched tubes func-
tionally equivalent to the vertebrate circulatory system and
are responsible for the delivery of oxygen throughout the
larva. Directed migration of tracheal cells is tightly con-
trolled by the activities of multiple signaling pathways,
including FGF, DPP, and Wingless/WNT, which are re-
quired for the formation of all or subsets of the primary
tracheal branches. In mutants lacking FGF signaling, tra-
cheal cell migration fails to occur, and no branches form
from the invaginated sac of cells (reviewed by Metzger and
Krasnow, 1999). Additionally, in embryos mutant for either
the PS1 or PS2 integrin genes, the visceral branches fail to
migrate along the midgut and are stunted (Boube et al.,
2001). Thus, tracheal primary branch formation is depen-
dent on migration. In embryos mutant for components of
either the DPP- or WG/WNT-signaling pathway, directed
migration of specific subsets of tracheal branches fails to
occur (Vincent et al., 1997; Chen et al., 1998; Chihara and
Hayashi, 2000; Llimargas, 2000). When these signaling
pathways are inappropriately activated, cells from certain
branches are recruited to migrate along alternative paths.
The cells that migrate aberrantly also take on the tube
dimensions characteristic of the branch that normally mi-
grates in that direction. This finding suggests that tracheal
tube size is controlled by the same signals that control the
direction of migration. We have shown that salivary gland
tube size is not linked to directed migration and is likely to
be regulated by the shapes of individual cells and the reg-
ulated process of internalization. These observations sug-
gest that, in the trachea, directed migration and overall tube
dimensions may be more tightly coupled to each other and
to the various signals that emanate from the target tissues.
This linkage may be more critical for the trachea, where
tube morphology is directly linked to its function of oxygen
delivery, than for the salivary gland, where a link between
structure and function is less clear.
Integrins and salivary gland migration
In PS1 and PS2 integrin mutants, the salivary gland does
not migrate along the VM surface. As the cells remaining on
the surface continue to be internalized, the distal tip of the
salivary gland remains at the approximate position of the
turning point, suggesting that the cells do not migrate.
Furthermore, the salivary distal tip cells in if and mew
mutants do not have the migratory morphology that is ob-
served in wild-type tip cells as they migrate posteriorly
(Figs. 2D and 5G–I). The migration defect is identical
whether integrin function is missing in the salivary gland or
in the mesoderm. This equivalent integrin function is not
seen for endoderm migration; loss of integrin function
within migrating endodermal cells results in a stronger de-
fect than loss of integrin function in the mesoderm, which
also provides the substratum for endodermal migration
(Martin-Bermudo et al., 1999). Perhaps the substrate tissue
is less crucial for migrating endodermal cells because these
cells undergo an epithelial-to-mesenchymal transition and
migrate as individual cells, which may have a propensity to
migrate, even on suboptimal substrata. The mode of salivary
gland migration may be different because cells remain part
of an epithelium in which cellular movements must be
coordinated for migration. Perhaps the concerted migration
of an organized tissue is more dependent on its substratum.
The PS1 integrin is likely to function at the surface of
salivary cells to promote their migration, since PS1 is
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expressed in the salivary gland and not in the surrounding
mesoderm. PS2, which is not expressed in salivary cells, is
expressed in all mesoderm, including the mesodermal cell
population through which the salivary tube traverses on its
way to the VM. In the absence of early VM-specific (or
other mesoderm-specific) Gal4 drivers, we could not rule
out additional roles for PS2 function in this population of
mesodermal cells.
Based on previous studies of integrin function, we can
envision several possible roles for the integrins in their
respective tissues. Integrins are transmembrane cell adhe-
sion molecules that bind to ligands in the extracellular
matrix (ECM) and are linked to the actin cytoskeleton in the
cytoplasm. The PS1 integrin may function in the salivary
gland to attach the migrating cells to the mesoderm and/or
to recognize the mesoderm as a suitable substratum. Alter-
natively, PS1 may promote motility of salivary gland cells
by activating intracellular signaling events. The PS2 inte-
grin is likely to organize the mesodermal ECM, creating a
suitable substratum for migration. A PS2-organized matrix
may assemble or concentrate ligands for PS1, potentially
explaining the identical phenotypes. Given that integrins
have been shown to regulate gene expression through intra-
cellular signaling (Martin-Bermudo and Brown, 1999), we
cannot rule out a less direct role for PS1 and PS2 in mod-
ulating expression of a gene or genes required for migration.
It was previously unclear whether directed cell migration
was required for salivary cell internalization. In embryos
lacking PS2 integrin function, salivary cells internalize
completely (Fig. 5C and L), indicating that salivary gland
internalization does not require integrin function in the
mesodermal cells by which the salivary glands pass during
internalization. Similarly, salivary cells internalize normally
in embryos lacking either or both of the -subunits that are
detectably expressed in the embryonic salivary gland (PS1
and PS3; Fig. 5H M, and N) as well as in embryos lacking
both maternal and zygotic function of the PS subunit (Fig.
5O). Our demonstration that integrin function is not re-
quired for internalization, but is required for subsequent
migration, raises the possibility that internalization of the
salivary gland may be independent of cell migration and
may involve different cellular mechanisms. Perhaps FKH
and HKB, through their downstream targets, are sufficient
to drive the process of internalization.
Spatial cues for directed migration
Directed migration clearly involves communication of
the migrating cells with their substrata or target tissue. In the
case of the salivary gland, we know that the VM is crucial
to provide posterior guidance cues, but we do not yet know
the nature of such cues. The PS2 integrin is unlikely to
provide the spatial cues since it is expressed uniformly in
the VM, although we cannot rule out subtle differences in
protein accumulation. It is more likely that integrins confer
on salivary cells the ability to move or provide a substratum
on which salivary gland cells can migrate. It is also possible
that the initial trajectory of the salivary gland, which is
slightly posterior due to the order of salivary gland inter-
nalization, predisposes the cells to move posteriorly when
they encounter the VM.
The salivary gland is an ideal system for learning to what
extent an organ’s shape and position is intrinsic versus how
much is mediated in response to the local environment. The
system should also be useful for learning the degree to
which organ function depends on organ shape and associa-
tion with other tissues. This kind of information is essential
in an era headed toward organ replacement therapies, in
which in vitro methods for making functional organs are
currently scarce.
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